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Protein A-bearing formalinized heat-inactivated 
Staphylococcus aureus bind rabbit ‘261-IgG with high 
affinity (KO = 1 X 10”O M) and preserve the affinity and 
capacity of IgG for antigen. The affinity of  immobilized 
IgG for antigen is equal to the affinity of soluble anti- 
body, and the capacity for antigen approximates the 
capacity of soluble antibody for antigen. “‘I-IgG bound 
to high affinity sites on bacteria is not substantially 
displaced in the presence of  human  serum after 4 h at 
4”C, but rabbit immunoglobulin can displace bound 
rabbit IgG. Protein A-bearing bacteria which have ad- 
sorbed IgG free from protease activity in antiserum 
provide a stable, sensitive, primary solid phase adsorb- 
ent with unique features for radioimmunoassay. Sedi- 
mentation characteristics of bacteria  permit facile sep- 
aration of  bound  from free ligand by centrifugation of 
the primary antibody. Immunoglobulin-loaded staphy- 
lococci can adsorb ligand from  serum, simultaneously 
purifying  and concentrating ligands for measurement 
in a single subsequent step. Immunoglobulin-bearing 
bacteria can be used directly in biological fluids con- 
taining immunoglobulin, such as serum and culture 
media. 
Improved economy of staphylococci, low nonspecific 
binding, high functional capacity, stability, and unique 
characteristics of radioimmunoassay using immuno- 
globulin-loaded staphylococci compare favorably with 
conventional solid phase adsorbents. 
Protein A, a cell wall polypeptide of 40,000 M, elaborated 
by many  strains of Staphylococcus aureus, binds the F, por- 
tion of certain  types of immunoglobulin,  primarily IgG, and is 
a useful immunoadsorbent (1-3). Protein A binds all human 
IgG classes except  for IgGa and  may bind  some IgA and IgM. 
Adsorption of rabbit  and  mouse IgG is also substantial (1,4), 
but less sheep  or  goat IgG binds  to  protein A (1). Protein A 
covalently bound to agarose is used conveniently to purify 
rabbit,  human,  or  murine IgG (1). Intact staphylococci-bearing 
protein A can  adsorb IgG from  detergent-solubilized cell mem- 
branes ( 2 )  and, because of the  convenient  sedimentation  char- 
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acteristics of bacteria, can be used to adsorb and separate 
immune complexes in  solution (3, 4). Purification of cellular 
antigens  with  protein A-bearing staphylococci following ex- 
posure of soluble antigen  to  antiserum is superior  to purifica- 
tion by immunoprecipitation (1, 2 ) .  Protein A-bearing staph- 
ylococci with adsorbed antibody have been used to type 
pneumococci by agglutination (5). The ability of protein A- 
bearing  staphylococci to  adsorb  immune complexes has 
proved particularly useful in separating bound  from  free an- 
tigen  in  radioimmunoassay (1, 3 ) .  The presence of serum in 
the sample to be assayed, however, requires that larger 
amounts of staphylococci  be used and  may limit the  technique, 
since  enough  staphylococci must be added  to bind all immu- 
noglobulin present. 
We  describe the use of protein  A-bearing staphylococci as 
a primary solid phase  adsorbent in radioimmunoassay. The 
present  study  demonstrates  that  under equilibrium  conditions 
in which affinity is limiting, the  measured affinity’ of protein 
A-bearing  staphylococci for immunoglobulin is considerably 
higher than previously reported.  Furthermore,  the binding of 
antigen to immunoglobulin-bearing  staphylococci is unaltered 
with respect to affinity and capacity in comparison with 
binding of antigen to soluble  immunoglobulin. The binding of 
rabbit immunoglobulin to protein A-bearing  staphylococci is 
especially tight  and is reversed effectively by rabbit immu- 
noglobulin but only partially by a large excess of human 
immunoglobulin; the immunoglobulin-loaded  staphylococci 
may, therefore, be used as a solid phase  adsorbent directly  in 
undiluted human serum and, in addition, can be used to 
extract and purify ligands from biological fluids containing 
human immunoglobulin. The complex nature of the binding 
of IgG to protein  A on fixed staphylococci is poorly understood 
but provides an  important tool in biochemical studies  for  the 
purification and  measurement of specific antibody ligands. 
EXPERIMENTAL PROCEDURES 
Materials-Purified bovine serum albumin, and bovine, rabbit, 
sheep, and  human y-globulins (Fraction 11) were from Miles Labora- 
tories,  Inc. Protein A-bearing formalin-treated heat-killed S. aureus 
(10% suspension) was obtained  from Calbiochem.  Light absorption at  
528 nm was  assumed to be 0.3 for 5 X 10’ bacteria  per ml (6). EGF’ 
was purified to  electrophoretic homogeneity  from  mouse  submaxillary 
glands  according to the  method of Savage  and Cohen (7), and  anti- 
serum was  produced in rabbits by two injections of 400 p g  of EGF in 
Freund’s adjuvant at  an  interval of 3 weeks. EGF was  iodinated  with 
I Use of the  Scatchard plot of binding data in this  study reflects 
the prevailing  use of this  method of analysis in studies of antibody 
and  hormone binding to measure quantitatively  the affinity of ligands. 
Although linear plots obtained  are conveniently interpreted in this 
way, the application of this analysis to bivalent or multivalent ligands 
such as antibodies, lectins, or protein A has not been rigorously 
justified  thermodynamically. ’ The  abbreviation used is: EGF,  epidermal growth  factor. 
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["'IINal (Union Carbide Corp.) to a specific activity of 0.2 to 1.0 Ci/ 
pmol by the method of Hunter and Greenwood (8) and separated 
from free iodide by passage through Sephadex G-25 (0.5 x 11 cm) 
equilibrated  with 50 mM sodium phosphate  buffer,  pH 7.5, containing 
0.1% bovine serum albumin a t  24°C. At least 95% of '251-EGF was 
sedimented by excess antibody  after  addition of staphylococci, 
Rabbit IgG was iodinated  to a specific activity of  2.4 to 8 Ci/pmol 
as described  for EGF  and purified on  Sephadex G-75. Digoxin, 1251- 
tyrosine methyl ester of digoxin, and rabbit antidigoxin antiserum 
were from Burroughs Wellcome. 
Preparation of Immunoglobulin-bearing Staphylococci-Adsorp- 
tion of IgG by staphylococci was monitored initially a t  280 nm to 
determine capacity of staphylococci. Forty microliters of a 10% sus- 
pension of bacteria  adsorbed 100 pg  of purified rabbit IgG. 
For adsorption of antibody,  routinely 0.5 ml of a 10% suspension of 
staphylococci  was mixed with 3 ml of 10 mM sodium phosphate  buffer 
containing 0.1 M NaCI, 1 mM EDTA,  and 0.1% Triton X-100, pH 7.5, 
a t  4°C  and centrifuged  immediately at  5000 rpm for 10 min at  4°C in 
a  Sorvall HS-4  rotor in thick-walled polystyrene  tubes (12 X 75 mm; 
Lancer HRI 8889-204007 or Corning 474165). The  supernatant was 
aspirated from the  tightly packed  pellet and  the  bacteria  resuspended 
in 0.5 ml of the  same buffer at  4°C by vortexing. Undiluted  rabbit 
antiserum (0.1 ml) was added  and  incubated for 30 min a t  24°C. The 
mixture was diluted  with 3.5 ml of buffer, centrifuged as above, and 
the  supernatant  aspirated.  The  bacteria were  washed twice by resus- 
pension and centrifugation and  then resuspended and  stored a t  4°C 
in 0.45  ml of the above  buffer,  which  was  used throughout  except  as 
specified otherwise. 
Binding  A~says--"~1-EGF or IZ5I-IgG was diluted  in buffer (0.1 M 
NaCI, 1 mM EDTA, 10 mM sodium  phosphate,  and 0.1% Triton X- 
100, pH 7.5) with 200 pg per ml of purified bovine serum albumin 
added and incubated in duplicate or triplicate polystyrene thick- 
walled tubes (12 x 75 mm) with  various concentrations of staphylo- 
cocci. For "'1-EGF binding studies  bacteria were added in 20 pl of a 
1% suspension, containing varying amounts of staphylococci previ- 
ously incubated with anti-EGF  antibody,  in a  final  volume of 0.2 to 
2.0 ml (as noted  in figure legends) at  4°C.  Control  tubes containing 
similar suspensions of bacteria not previously exposed to  antibody 
were used  with each  concentration of "'1-EGF to assess nonspecific 
binding of "'I-EGF to  bacteria. 
Since staphylococci sediment slightly after 3 to 4 h, incubations 
were agitated briefly at  hourly intervals  for  incubations  up  to 3 h. For 
24-h incubations suspensions  were agitated hourly for 3 h,  then  at 6 
h, and then 1 h prior to final centrifugation. Continuous agitation 
increased the  standard  errors of results. 
After incubations under conditions of time, concentration, and 
temperature described in figure legends, samples were diluted  to a 
total volume of 3.7 to 4.0 ml with buffer  containing 2 M urea, 0.1 M 
glycine, and 1% Triton X-100 and centrifuged at  5000 rpm in a  Sorvall 
HS-4 rotor for 15 min a t  4°C. The  supernatant was aspirated and 
residual  radioactivity determined  in a y counter at 75% efficiency. 
Equilibrium-binding studies with "'I-IgG were performed with 0.1 
ml of a 0.01% suspension of staphylococci in 2 ml of buffer (final 
suspension,  5 X Assays were terminated  after specified times 
by addition of 2 ml of 10 mM sodium phosphate buffer, pH 7.5, 
containing 0.1 M NaCI, 1 mM EDTA, 0.1% Triton X-100, and 200 pg 
per ml of bovine serum  albumin followed by centrifugation (3000 X g, 
15  min, 4°C)  and aspiration of the  supernatant. 
Data  plotted according to  Scatchard were  analyzed by linear regres- 
sion and  best fitting  lines determined by computer.  Error  bars  denote 
standard  error of the  mean of triplicate  determinations or mean f 
%X (difference of values) in  the case of duplicate  determinations. 
Radioimmunoassay Procedures-Dilutions of the immunoadsorb- 
ent were made by adding a 1% suspension of anti-EGF immunoglob- 
ulin-bearing  staphylococci to 1% suspension of nonimmunoglobulin- 
bearing staphylococci (usually 1:lO to 1:20) such that 50 to  756 of 
labeled EGF M or lower)  was bound  during  the  incubation in 
the absence of unlabeled competitor.  Such  titrations were  performed 
routinely by incubating 2 0 4  samples of a 1% suspension  of  immu- 
noglobulin-loaded bacteria serially diluted  in 1% nonimmunoglobulin- 
treated bacteria and 0.4 ml of buffer with 20 pl of "'I-EGF (final 
concentration 1 X lo-' M)  for 60 min at  4'C. After addition of 3 ml of 
buffer containing 2 M urea, 0.1 M glycine, and 1% Triton X-100, 
bacteria were sedimented at 3000 X g, the  supernatant  aspirated,  and 
the pellet counted.  Duplicate  tubes  containing only nonimmunoglob- 
ulin-bearing  staphylococci were used to  determine nonspecific binding 
of radioactive ligand to staphylococci (approximately 1% of added 
radioactivity). 
Specific details of radioimmunoassays are given in figure legends. 
Routinely  a 1:32 dilution of 1% immunoglobulin-treated staphylococci 
in 1% nonimmunoglobulin-treated staphylococci  was made in the case 
of anti-EGF  antibody  and 20 p1 were added  to 0.4 ml (0.1 to 3 ml in 
various experiments) of 10 mM sodium phosphate buffer containing 
0.1 M NaCI, 1 mM EDTA, 0.1% Triton X-100, and 200 pg per ml of 
bovine serum  albumin in triplicate thick-walled  polystyrene tubes (12 
x 75 mm).  (This  is equivalent to a 1:64,000 final  dilution of antiserum.) 
After  preincubation of staphylococci  with native  EGF for 1 h at  4"C, 
20 pl of '"I-EGF (e.g. 1 X 10"' M) was added, and the incubation 
continued for 1 h (1 to 24 h in various experiments).  The assay  was 
terminated by addition of 3.5 ml of ice-cold buffer containing 2 M 
urea, 0.1 M glycine, and 1% Triton X-100 followed by centrifugation 
for 15 min at  4°C a t  5000 rpm (3000 X gmaX) in a  Sorvall  HS-4 rotor. 
The  supernatant was aspirated and residual radioactivity counted. 
Nonspecific binding to 20 pl of 1% nonimmunoglobulin-bearing staph- 
ylococci was subtracted from  all experimental  points  and was 2 to 4% 
of added radioactivity. Control  tubes containing  no  unlabeled EGF 
(or other ligand) were used to assess the fraction of total added 
radioactivity  bound in  the  absence of competitor.  The  ratio of radio- 
activity  bound to  that free in solution is  depicted  as "bound/free" in 
figures. 
In order to compare data from radioimmunoassays comparing 
soluble and immobilized antibody  (see Fig. 7) or comparing  different 
incubation  times  (see Fig. 8) or volumes of incubation  (see Fig. lo), 
data were normalized according to the fractional "bound/free" at  
each experimental  point. 
(cpm  bound/cpm free) in presence of competitor 
(cpm bound/cpm  free)  in  absence of competitor 
x 100 
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FIG.  1. Scatchard plots. a,  Scatchard  plot of the binding of "'1- 
IgG and  protein A-bearing  staphylococci.  Various dilutions of '2'I-IgG 
to 1.8 ml of buffer (0.1 N NaCl, 1 mM EDTA, 10 mM sodium phosphate, 
(0.1 ml,  final specific activity 0.57 Ci/pmol)  were added in triplicate 
0.1% Triton X-100, pH 7.5) containing 200 pg/ml of bovine serum 
albumin. Staphylococci  (0.1 ml of 0.01% suspension)  were added  and 
the  tubes  incubated for 24 h at 4"C, diluted with 3.5 ml of buffer 
containing 2 M urea, 0.1 M glycine, 0.1% Triton X-100, centrifuged 
(3000 X g, 15  min,  4"C), the  supernatant  aspirated,  and  the residual 
radioactivity counted. b, Scatchard  plot of the binding of "'I-EGF 
and immunoglobulin-loaded  staphylococci.  Dilutions of "'I-EGF (1.06 
Ci/pmol) in 50 pl of buffer used in a were incubated for 24 h a t  4OC 
with staphylococci (20 pl of 1: lO dilution of 1% suspension of anti- 
EGF  antiserum-treated staphylococci in 1% nonimmunoglobulin- 
treated staphylococci) in a final volume of 0.5 ml. Bacteria were 
sedimented by centrifugation, the supernatant aspirated, and the 
pellet  counted. Nonspecifically bound radioactivity in tubes  contain- 
ing untreated staphylococci only was subtracted  from  that in dupli- 
cate  experimental  tubes. 
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RESULTS 
Binding of IgG by Protein A-bearing Staphylococci-The 
binding of IgG by concentrated  suspensions of staphylococci 
is rapid  and  nearly complete, as demonstrated by Kessler ( 2 ) .  
Staphylococci  in 10% suspension  bind approximately 90% of 
l"I"IgG at 5 x lo-' M within 15 min at  24°C if the  supernatant 
is assayed without dilution of bacteria.  At lower concentra- 
tions of immunoglobulin and staphylococci, at  which binding 
is limited  by the affinity of the bimolecular  reaction, direct 
measurement of binding of '"I-IgG by staphylococci shows 
that equilibrium is reached  more slowly. The  apparent affinity 
of the reaction calculated from the Scatchard plot (9) of 
binding data is (1.1 +- 0.2) X 10"' M at 24 h, when apparent 
equilibrium is reached (Fig. la). Measurement at  earlier times 
a t  these low dilutions  underestimates  the affinity of the  reac- 
tion. For example, the  apparent affinity measured a t  1 h under 
identical conditions  is  approximately  one-tenth  the affinity at 
equilibrium (data  not  shown). 
The affinity of isolated protein A for the F,. fragment of 
rabbit IgG has been reported to be 2 X lo-' M (10). The 
affinity of intact  protein A on staphylococci has been reported 
to be 5 X lo-' M ( 2 )  or 2.0 X lo-' M (3)  for  rabbit IgG and 2.2 
X lo-' M for a human myeloma  IgG, (11). At lower concentra- 
tions and after longer incubations used in our studies, the 
higher apparent affinity (50- to ZOO-fold) may be related in 
part  to  the  multiple binding sites of protein A (10) and  to  the 
probable  three-dimensional lattice of bound IgG and  protein 
A which develops  with the use of staphylococci (10). These 
sites  may progressively increase  in number with time as the 
network  increases in size with  resultant  tighter binding of IgG. 
Scatchard plots show a  small  curvilinear component suggest- 
ing complex behavior such  as negative  cooperativity, distinct 













FIG. 2. Dissociation of '*'I-IgG from staphylococci in the 
presence of  buffer, human immunoglobulin, or rabbi t   immu- 
noglobulin.  Twenty microliters of 'zsI-IgG (2.4 Ci/pmol, 5.25 X IO" 
cpm) were incubated with 0.2 ml of a 10% suspension of washed 
staphylococci  for 10 min a t  24'C. Bacteria were diluted with 3 ml of 
buffer containing 0.1 M NaCI, 10 mM sodium  phosphate, 1 mM EDTA, 
and 0.1% Triton X-100, pH 7.5, and centrifuged a t  3000 X g for 15 min 
a t  4°C to remove unbound '2sII-IgG. The pellet was washed two 
additional  times by this  procedure  and  resuspended in 2 ml of the 
same buffer. The suspension contained 1.93 X lo6 cpm  per ml, 
indicating 74% retention of radioactivity. Triplicate  samples of '''I- 
IgG-bearing bacteria (0.02 ml) were incubated for 30 or 60 min a t  4", 
24", or 37°C with buffer (0.1 ml) or with  human or rabbit y-globulin 
(0.1 ml, 1 mg per ml in 0.1 M sodium phosphate buffer, pH 7.5) in 
polystyrene tubes (12 x 75 mm). The samples were then diluted  with 
with 3.5 ml of buffer and centrifuged as above. The  supernatant  was 
aspirated and the pellet counted. O " 0 ,  buffer; M, human 
immunoglobulin; A-A, rabbit immunoglobulin. 
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FIG. 3. Dissociation of '251-IgC f rom  s taphylococci   in   human 
serum following exposure to buffer or rabbit  immunoglobulin. 
Forty microliters of Iz5I-IgG (2.4 Ci/pmol, 1.05 X 10' cpm) were 
incubated with 0.30 ml of 10% staphylococci previously washed and 
resuspended in buffer containing 0.1 M NaCI, 1 rn EDTA, 10 mM 
sodium phosphate,  pH 7.5, and 0.1% Triton X-100. After 10 min at 
24°C bacteria were  diluted  with  3 ml of the  same buffer, centrifuged 
(3000 X g, 15 min,  4°C).  and  resuspended twice in 3.0 ml of buffer, 
and finally  centrifuged and resuspended in 0.30 ml of buffer. Samples 
(0.05 ml, 1.05 X lo6 cpm) were added  to a saturating  amount of rabbit 
immunoglobulin (0.5 ml, 1 mg per  ml) or buffer (0.5 ml)  and  incubated 
for 30 min a t  4°C. The washing procedure described above was 
4" or 37°C or in 0.5 ml of buffer a t  4OC to determine adsorbed 
repeated  and  the bacteria resuspended in 0.5 ml of human serum a t  
radioactivity prior to  incubation in serum  (at zero time).  Triplicate 
2 0 4  samples taken immediately following resuspension in buffet 
were sedimented a t  3000 X g for 15 min a t  4OC and  contained 40,760 
f 650 cpm  (buffer treated)  or 32,550 f 510 cpm (rabbit immunoglob- 
ulin treated) (mean f S.E.). Experimental triplicate 20-4 samples 
were removed  from serum after 30,60, or 90 min a t  4' or 37"C,  diluted 
with 3.5 ml of ice-cold buffer, and centrifuged at  3000 X g for 15  min. 
The supernatant was aspirated and the pellet counted. U, 
A-A, preincubated in buffer; M, A-A, preincubated in 
rabbit immunoglobulin. Incubation at  4" (0,O) or 37°C (A, A). 
affinity sites compatible  with such a model. 
Dissociation of bound  immunoglobulin is a time-  and  tem- 
perature-dependent process (Fig. 2 ) .  In  neutral buffers at  4°C 
less than 5% of bound 12sI"IgG is lost after 60 min if bacteria 
are  f ist  washed twice after  adsorption of immunoglobulin (as 
under "Experimental Procedures"),  and  further loss following 
that seen in 60 min is even less. Loss of immunoglobulin 
during washing or in the presence of competing immunoglob- 
ulin (see below) shows an initial  relatively rapid loss over 1 to 
2 h, which probably reflects  dissociation of weakly bound IgG, 
followed by slow or negligible loss over days or weeks. If 
bacteria are treated as described below, subsequent loss of 
IgG is very slow, and the reagent stored in neutral buffer 
remains  stable  for  months at  4°C. 
Although loss of bound antibody  from  bacteria is minimal 
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in buffer alone, substantial  displacement of bound IgG occurs 
in the presence of excess immunoglobulin. For example, 1 mg 
per ml of sheep,  human, bovine, or rabbit immunoglobulin 
displaced 10, 20, 23, or 47% of bound rabbit I2'II-IgG from 
washed bacteria  after 90 min at  4"C, while loss from controls 
in buffer was 5%. Fig. 2 demonstrates  the  time  and  tempera- 
ture dependence of displacement by rabbit  and  human  im- 
munoglobulin and shows the extensive  displacement by rabbit 
immunoglobulin at  37°C. Loss in neutral buffer, even a t  37"C, 
remains very low. 
Very  minimal  displacement of labeled IgG is  seen  not only 
by human immunoglobulin at 4°C (Fig.  2) but also by human 
serum (Figs. 3 and 4). Presaturation of bacteria with immu- 
noglobulin prior to dissociation studies  or  repeated washing 
of bacteria  appears  to displace  weakly bound IgG, and  further 
losses are  not  seen in human  serum at 4°C. These  treatments 
do not  alter  the  behavior f tightly bound IgG, however,  since 
in bacteria exposed to IZ5I-IgG and  then  saturated with excess 
rabbit immunoglobulin, subsequent loss of radioactivity in 
human  serum is similarly  affected  by temperature  or  added 
immunoglobulin  in saturated  bacteria  and in control  bacteria 
exposed only to buffer (Fig. 3). In bacteria pre-exposed to 
saturating  quantities of rabbit immunoglobulin, no  apparent 
loss of  '*'I-IgG occurs  during subsequent prolonged incubation 
in serum as long as  pH  is  maintained in neutral  or mildly basic 
range.  Bound  immunoglobulin is lost,  however, at  acidic pH 
(Fig. 4). 
Binding of EGF by Staphylococci  Previously  Exposed  to 
Anti-EGFAntiserum-High affinity  binding of IgG by staph- 
ylococci suggested that immunoglobulin-bearing staphylo- 
cocci might provide a unique solid phase adsorbent, since 
binding of immunoglobulin to protein A by the F, portion 
would in theory leave the  antigen-binding moiety  unoccupied. 
The binding curve of "'I-EGF to staphylococci  (Fig. 5, upper) 
indicates  that  the affinity of bound  antibody for  'ZsI-EGF is 
preserved or enhanced in comparison with that of soluble 
antibody (Fig. 5, lower).  Scatchard  plots of the binding data 
indicate that the capacity and affinity of immunoglobulin- 
I 2 3 4 
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FIG. 4. Dissociation of '''I-IgG from staphylococci in human 
se rum according to pH. '*'I-IgG .(8.0.Ci/pmol, 2 X 10' cpm) was 
incubated for 30 min at 24°C with 0.2 ml of 10% staphylococci. Rabbit 
IgG (6 ml, 700 pg) was added for 30 min at 4°C  to  saturate  staphylo- 
cocci, and  the  bacteria were  washed twice by centrifugation in buffer 
containing 0.1 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, 0.1% 
Triton X-100, and resuspended in 1.8 ml of buffer. Samples of staph- 
ylococci (20 $) saturated with native  and lZ5I-IgG were incubated for 
various times  as shown in  duplicate 0.1-ml samples of human  serum 
previously adjusted to pH 5, 7, or 9, diluted with 3 mi of ice-cold 
buffer, and centrifuged at  3000 X g. The  supernatant was aspirated 
and  the pellet counted. o"--o, pH 5; W, pH 7; [1"c3, pH 9. 
'=I- EGF FREE, to" X M 
FIG. 5. Binding of "'I-EGF. Upper, binding of I2'II-EGF to  anti- 
body immobilized on  staphylococci.  Staphylococci previously exposed 
to antiserum  and washed were adjusted  to 1% suspension and diluted 
1:lO in 1% untreated staphylococci. Twenty microliters of this  suspen- 
sion were incubated with  various concentrations of '"I-EGF (255 Ci/ 
mmol) in duplicate for 60 min a t  4°C in 0.5 ml as described under 
"Experimental Procedures" (final antiserum dilution approximately 
1:16,000). After  addition of 3.5 ml of buffer  containing 2 M urea, 0.1 
M glycine, and 0.1% Triton X-100, bacteria were centrifuged at  3000 
X g for 15 min a t  4'C, the  supernatant was aspirated,  and  the  tubes 
containing radioactivity were counted. Nonspecific binding to non- 
immunoglobulin-bearing  staphylococci  was subtracted  from  each ex- 
perimental point. Lower, binding of soluble antibody  and '"I-EGF. 
Anti-EGF  antiserum was incubated (50 min,  4°C) in duplicate at  a 
final dilution of 1:1O,OOO in 0.5 ml of 0.1 N NaCI, 1 mM EDTA, 10 mM 
sodium phosphate, 0.18 Triton X-100, pH 7.5, containing 200 pg/ml 
of bovine serum albumin and "'I-EGF as in Fig. 3. Staphylococci (20 
4, 1% suspension) were added,  and  the  incubation  continued for 10 
min.  Immediately after  addition of 3.5 ml of buffer containing 2 M 
urea, 0.1 M glycine, and 0.1% Triton X-100, bacteria were  centrifuged 
and radioactivity counted  as  in  upper panel. Control  tubes containing 
similarly diluted nonimmune rabbit  serum were used at  each  point  to 
determine nonspecific binding and were subtracted from experimental 
values. 
loaded staphylococci for antigen are equivalent to that of 
antiserum.  This is in contrast  to  other solid phase  antibodies, 
in which antibody capacity is often  reduced substantially (1). 
At  very low concentrations of EGF  and immunoglobulin- 
bearing staphylococci, equilibrium is not reached until ap- 
proximately 24 h (Fig. 6). Allowing the binding reaction to 
approach equilibrium results in  a 2-fold enhancement of ap- 
parent affinity of solid phase  antibody at 24 h  in  comparison 
with 1 h. At this  time  the  measured affinity of the  interaction 
of EGF  and solid phase  antibody ((5.3 k 0.3) X lo-" M, Fig. 
16) is greater (reproduced in three experiments) than the 
affinity of protein A-bearing  staphylococci for IgG at equilib- 
rium ((1.1 k 0.2) X 10"' M, Fig. la). The complex binding of 
IgG to staphylococci suggested above may in part explain 
these results. 
Use of Antibody-bearing  Staphylococci as a Solid  Phase 
Adsorbent  in  Radioimmunoassay-The  characteristics delin- 
eated above can be exploited  in  radioimmunoassay,  since the 
solid phase  antibody  with  capacity  and affinity equal  to  that 
of soluble antibody can  be separated  from  unbound ligand  by 
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simple  centrifugation.  Comparison of radioimmunoassay with 
the solid phase  antibody  and soluble antibody in  a two-step, 
nonequilibrium experiment is shown in Fig. 7 .  If soluble or 
bacteria-bound  antibody is incubated  with various concentra- 
tions of EGF for 1 h and then with I2’1-EGF for 1 h, the 
characteristics of the conventional and solid phase  radioim- 
munoassays  are very  similar. In  the solid phase assay, allowing 
the reactants to approach equilibrium  (Fig. 8) in  a 24-h 
incubation  enhances  the sensitivity of the  assay  about 2-fold. 
This is in concert  with  the observed enhancement in apparent 
affinity of the binding of I2’I-EGF and immunoglobulin-bear- 
ing staphylococci as equilibrium is approached in a longer 
incubation. 
The sensitivity of radioimmunoassay is enhanced at low 
concentrations of antiserum (12). Accordingly, the  staphylo- 
coccal reagent used in  the radioimmunoassay contains  on  the 
order of lo”* mol of IgG per  assay  tube  and  detects  femto- 
molar quantities of EGF.  In  addition  to simplifying radioim- 
munoassay by obviating the need  for a “second antibody” (e.g. 
goat anti-rabbit IgG or protein A-bearing staphylococci) to 
separate bound from free  ligand, the  use of protein A-bearing 
staphylococci as a primary (i.e. containing antibody to the 
ligand under  study) solid phase  adsorbent is very  economical 
of bacteria. Additional bacteria are usually added to the 
incubations to permit visualization of the pellet after centrif- 
ugation. The  capacity of staphylococci  for antigen  or  immu- 
noglobulin does not limit the assay. For example, if antiserum 
containing 10 mg/ml of IgG required only 1:lOOO dilution for 
radioimmunoassay, a 0.5-ml incubation would require 0.2 pl 
of packed  staphylococci (20 p1  of 1% suspension).  At  dilutions 
used in many of our experiments, only 0.02 p1  of packed 
staphylococci or less per assay tube was required. Background 
radioactivity adsorbed nonspecifically to staphylococci is con- 
sequently less than 4%. 
Use of Protein A-  bearing  Immunoglobulin- loaded  Staph- 
ylococci as a Primary Immunoadsorbent in Undiluted Se- 
rum-If the ligand to be measured is contained in serum, 
radioimmunoassay is usually performed in diluted serum, 
since undiluted  serum  or plasma may  damage  or otherwise 
alter binding characteristics of the radiolabeled ligand (12). 
The usefulness of protein A-bearing  staphylococci as a  second 
-1 
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FIG. 6. Time  course of binding of ‘‘‘I-EGF to staphylococci. 
A 1% suspension of staphylococci previously exposed to anti-EGF 
antiserum  and washed as described under  “Experimental Procedures” 
was diluted 1:32 in 1% nonimmunoglobulin-bearing staphylococci. 
Twenty microliters of this reagent were incubated in triplicate with 
I2’I-EGF (0.95 Ci/pmol) at a final concentration of 1.6 X 10”’ M 
(84,500 cpm) or 1.6 X 10”’ M (8400 cpm) for various periods at 4°C in 
0.4 ml of buffer containing 0.1 M NaCI, 1 mM EDTA, 10 m~ sodium 
phosphate, 0.1% Triton X-100, and 200pg/ml of bovine serum albumin 
at pH 7.5. Bacteria were collected and radioactivity counted as 
described under  “Experimental Procedures.” Control tubes  to deter- 
mine IZ5I-EGF nonspecifically bound to  untreated bacteria were used 
for each ”‘1-EGF concentration. o ” 0 ,  1.6 X 10”” M; , 1.6 
X lo-” M. 
NATIVE  EGF, 10’ox M 
I 2 3 4 5 
f I 1 I I I 
I 2 3 
NATIVE EGF, NGIML 
FIG. 7. Comparison of radioimmunoassay with soluble or 
immobilized antibody using similar dilutions of antiserum. 
Staphylococci (0.2 ml of 10% suspension) having 4-fold capacity for 
IgG over that present were incubated for 30 min at 4°C with 20 pl of 
antiserum in order to remove essentially all IgG from the antiserum. 
Staphylococci were washed as described under “Experimental Pro- 
cedures,” resuspended in 0.2 ml of buffer (0.1 M NaCI, 1 mM EDTA, 
10 mM sodium phosphate, 0.1% Triton X-100, pH 7.5) and  a 1:50,000 
final dilution of antiserum or immobilized IgG ( 1 : l O  dilution of 1% 
immunoglobulin-treated staphylococci in 1% untreated staphylococci, 
25 pl in final volume of 1.25 ml) used in the radioimmunoassay. 
Bacteria or soluble antibody were incubated in triplicate with ”‘1- 
EGF for 3 h at 4°C. The assay was terminated by dilution with 3.5  ml 
of cold buffer, sedimentation of bacteria a t  3000 X g for 15 min, 
aspiration of the supernatant,  and counting of residual radioactivity. 
For assay with soluble antibody, 50 pl of 1% staphylococci were added 
15 min before the centrifugation step. ”’I-EGF (1.0 Ci/pmol) was 1 
X lo-” M. , soluble antibody; U, immobilized antibody. 
antibody  to  separate bound  ligand  in immune complexes from 
free  ligand is significantly reduced in  samples  containing  se- 
rum, since additional  bacteria  must be added  to bind all IgG 
in the sample. This  results in  a  bulky  pellet and consequently 
high nonspecific binding of radiolabeled ligand to  staphylo- 
cocci even  in samples containing  only 10% serum. 
Since  human  EGF  present in serum  or plasma  shows  less 
affinity for anti-mouse EGF antibody  than  does  mouse  EGF, 
EGF in human  serum could not be measured  accurately,  and 
an alternative ligand was used for studies in serum. The 
general applicability of the use of immunoglobulin-loaded 
staphylococci as a primary  immunoadsorbent  is  supported by 
its use  in the  measurement of serum  or plasma concentrations 
of digoxin (Fig. 9). The  assay is brief (2 h), uses a dilution of 
bacteria-bound  antibody  equivalent  to  that in the assay  with 
soluble antibody,  and shows  sensitivity and precision equiva- 
lent with that of the assay using anti-immunoglobulin to 
separate bound and free  antigen. As noted above, untreated 
staphylococci could not be used in the experiment for this 
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FIG. 8. Enhancement of sensitivity of radioimmunoassay us- 
ing immunoglobulin-bearing  staphylococci by prolonged  in- 
cubation. The radioimmunoassay was performed  with triplicate  sam- 
ples as described under “Experimental Procedures” and the assay 
terminated at 2 or 24 h. A 1% suspension of immunoglobulin-treated 
staphylococci was diluted 1:20 in 1% untreated staphylococci  and 20 
pJ used in a final volume of 1 ml containing 1.3 X IO”’ M Iz5I-EGF. 
M, 2 h; W, 24 h. 
purpose. As shown  in Fig. 9, as little as mol of digoxin 
are detected using a 1:16,0CO dilution of antiserum. Small 
losses of bound immunoglobulin described above following 
initial washing do  not affect the  results of radioimmunoassay. 
Reproducible results in serum  are  obtained by  washing  im- 
munoglobulin-treated bacteria twice as described under “Ex- 
perimental Procedures.” 
Enhancement of Precision and  Sensitivity of Radioimmu- 
noassay by Immunoglobulin-loaded Staphylococci-In a 
competitive binding experiment such  as a  radioimmunoassay 
the sensitivity of the assay  increases with decreasing  concen- 
tration of radioligand. At the lower level of sensitivity, the 
specific activity of the radioligand may be  limiting, and  sen- 
sitivity can be  improved  by  increasing the  incubation volume 
with constant radioligand concentration. Additional  increases 
in sensitivity at  very low concentrations  are limited by the 
affinity of the  antibody;  as  the  concentrations f antibody  and 
labeled  ligand fall further, sensitivity and precision fall (12). 
The  sedimentation  characteristics of bacteria can  be used 
to exploit the inverse relationship between volume of incu- 
bation  and  the useful concentration of the labeled  ligand  in 
radioimmunoassay. The use of protein A-bearing staphylo- 
cocci as a solid phase  adsorbent  permits exposure of antibody 
to  experimental  samples containing  unlabeled ligand in  large 
volumes (e.g. 3 ml or  more), from  which ligand is bound to a 
degree consistent with the KD of antibody  and ligand, followed 
by sedimentation of bacteria and resuspension in a second 
medium of small volume (e.g. 0.1 m l )  for measurement of 
binding competition. The antibody  has  then been saturated 
to a greater  extent in  a  large  volume than in  a  small  volume 
at  the  same  concentration,  and  this  is reflected in decreased 
binding of labeled competitor in the second incubation. 
Fig. 10 demonstrates  that  preincubation of immunoglobu- 
lin-bearing staphylococci with EGF in varying volumes at  
equal  concentrations of EGF followed by sedimentation,  re- 
suspension, and  incubation with “‘1-EGF in  a  smaller  volume 
enhances the sensitivity of the assay (Table  I).  The useful 
limit of detection  in  the radioimmunoassay ( i e .  5% displace- 
ment of Iz5I-ligand, corresponding to 90% on  the  ordinate in 
Fig. 10, or over three times S.E. removed from 100%) is 
increased  nearly 20-fold from about 0.6 ng/ml of native  EGF 
in 0.1 ml to 0.03 ng/ml in 3 ml (Fig.  10). In  control  samples 
from the  preincubations in 1.0 ml and 3.0 ml  in which bacteria 
are resuspended in the original preincubation volume or in 
which lz51-EGF is added directly to  the  preincubation  without 
reducing the volume,  very little radioactivity is bound,  since 
the concentration of IZ5I-EGF is significantly lower than in 
DIGOXIN,IO‘~X M 
2 4 6 8 IO ,q 
n H 
I I I -2 
0.25 0.50 0.75 1.0 ‘ I. 
DIGOXIN, NGIML 
FIG. 9. Radioimmunoassay of digoxin in undiluted human 
serum. Rabbit  antidigoxin  antiserum (50 pl) was  incubated (30 min, 
4°C) with 0.2 ml of a 10% suspension of staphylococci and washed 
twice as described  under  “Experimental  Procedures.” A 1% suspen- 
sion of immunoglobulin-treated  staphylococci  was  diluted 1:32 in 1% 
untreated  staphylococci; 20 pl in a 0.22-ml incubation  bound 40% of 
‘251-labeled tyrosine methyl ester of digoxin (17,000 cpm, 2 X lo-”’ 
M) after 1 h at 4’C. Assay was performed  with triplicate  samples as 
described  under “Experimental  Procedures” using a 2-h incubation, 
17,700 cpm of radioactivity, and 20 p1 of staphylococci in a final 
volume of 0.24 ml. 
Protein A Staphylococci as a  Primary I munoadsorbent 567 
2 4 6 
NATIVE  EGF, Id0 x M 
Reinwbotion Volume 
0.1 ML a 
I.OML o 
3.OML 
I 2 3 4 5 
NATIVE  EGF,  NG/ML 
FIG. 10. Enhancement of sensitivity of radioimmunoassay 
by  reduction of assay volume prior  to  incubation  with  labeled 
competitor. A 1% suspension of anti-EGF IgG-treated  staphylococci 
was diluted 1:20 in 1% untreated staphylococci.  Twenty  microliters of 
this  reagent were  incubated in triplicate with  various  concentrations 
of native  EGF  for 1 h at 4°C in final volumes of 3.0, 1.0, and 0.1 ml. 
Samples containing 3.0 and 1.0 ml were centrifuged, supernatants 
were aspirated,  and  pellets were resuspended in 80 p1 of buffer. Iz5I- 
EGF (1.0 Ci/pmol, 1.3 X 10”” M final concentration) was added  to all 
samples in 20pl and the assay  terminated after 1 h at 4°C by dilution 
with 3.5 ml of buffer and centrifugation as described  under  “Experi- 
mental Procedures.” 
TABLE I 
Enhancement of sensitivity and precision of radioimmunoassay 
using  staphylococci  with adsorbed immunoglobulin by 







Preincubation volume, ml” 
3.0  0.08 & 0.02 
1.0 
0.83 f 0.10 
0.43 f 0.03 1.50 & 0.10 
0.1 0.80 f 0.07 2.40 f 0.33 
0.10 & 0.03 1.00 f 0.05 
0.10 & 0.03 0.55 f 0.03 
Duration of incubation, hh 
2 
24 
See  Fig. 10 for  experimental  procedures. 
’ See  Fig. 8 for  experimental  procedures. 
‘ Derived  from  experimental  plots  using the largest standard error 
in the experiment to determine the standard error of the derived 
value for  EGF concentration shown in the table. 
Percentage of “initial  bound/free,” or ratio of bound to  free “‘1- 
EGF  as a percentage of that in the absence of native  EGF, as shown 
in Fig. 10, is used to compare results from different experiments 
(defined under “Experimental  Procedures”).  Eighty  per  cent  corre- 
sponds to 10.9, and 8% displacement of radioactivity  compared  with 
controls  not containing native EGF in preincubation of 3.0, 1.0, and 
0.1 ml, respectively.  Forty  per cent corresponds  similarly to 32, 38, 
and 33% displacement. 
experimental  tubes  (data  not  shown).  This  is only true at very 
low concentrations of ligand with respect  to  the affinity of the 
antibody, i.e. under conditions  in  which  affinity of the  anti- 
body limits sensitivity of the assay. The ability  to effectively 
concentrate  and purify ligand  by sedimenting  bacteria  after 
the preincubation step may have  utility in assays  subject  to 
“incubation damage” (12) of radioligand during prolonged 
incubations in serum or other biological fluids, since the 
competition  with  radioligand is performed  in  simple buffers. 
This step cannot improve sensitivity of the assay above 
ultimate  limits  dictated by the affinity of the antibody-ligand 
interaction.  Similar sensitivity is obtained if the radiolabeled 
ligand is  incubated in a large  volume at  the  same final  con- 
centration as in the  small volume but would require prohibi- 
tive quantities of labeled  material. Also, because of the  near 
linear relationship between radioactivity added and back- 
ground radioactivity adhering nonspecifically to staphylo- 
cocci, background would increase  significantly in larger vol- 
umes,  decreasing  precision. The  technique is useful  in  improv- 
ing sensitivity and precision at  the lower limit of sensitivity of 
the  assay  without consuming radioactive label required for 
assays in large volumes. 
DISCUSSION 
This study demonstrates the utility of immunoglobulin- 
loaded  protein  A-bearing  staphylococci as a unique  adsorbent 
which  preserves the affinity and  capacity for  ligand of anti- 
body  adsorbed to a solid matrix.  Adsorbed antibody  has  the 
same  or higher  affinity  for  ligand in comparison with soluble 
antibody  and shows equal sensitivity  in detecting  native ligand 
by radioimmunoassay. Similarly, the capacity of adsorbed 
immunoglobulin for ligand is identical with that of soluble 
antibody, since equivalent  dilutions of adsorbed  and soluble 
antibody have identical binding capacity for ligand in the 
radioimmunoassay. The  quantity of immunoglobulin required 
for  radioimmunoassay is a small  fraction of the  capacity of 
the staphylococci used to  produce a visible pellet, since only 
about 10 fmol of binding capacity are needed per  assay  tube. 
The apparent affinity of immunoglobulin for protein A- 
bearing staphylococci, about 1.1 X 10”” M, is higher than 
previously reported (50- to 200-fold) and shows a linear plot 
by Scatchard analysis through  most of the binding curve (Fig. 
l a ) .  Moreover,  by  binding studies at  equilibrium, the affinity 
of staphylococcus-bound antibody for ligand used in these 
studies (5.3 X 10”’ M, Fig. lb) is at least 2-fold higher than 
that of protein A-bearing staphylococci for antibody alone. 
The ligand remains bound to staphylococci and  can be sedi- 
mented, purified, and  subsequently  measured  after  resuspen- 
sion (Fig. 10). The behavior of adsorbed antibody and of 
bound  ligand may be dependent upon complex events follow- 
ing binding with multisite  attachment of antibody  and ligand. 
This complex binding may explain the increased affinity of 
staphylococci  for immune complexes as  compared  to  immu- 
noglobulin, as suggested by Kessler’s data (2), and  may  un- 
derlie the  extraordinarily high  affinity of protein A for ligands. 
This stable antibody-bacteria association permits the mea- 
surement of ligands by radioimmunoassay  directly  in serum 
or plasma, where  the utility of protein A-bearing  staphylococci 
as a  second immunoadsorbent  cannot be  exploited to remove 
immune complexes. The  same  features  that  have  made protein 
A the reagent of choice in radioimmunoassay to separate 
bound from free ligands are  preserved in the  present uses but 
with  markedly  improved  economy of staphylococci. 
Although extreme rapidity of binding characterizes the 
binding of immune complexes by  staphylococci (2), the bind- 
ing of immunoglobulin or of ligand alone is considerably 
slower at  reduced concentrations  appropriate for radioimmu- 
noassay and  may  require 24 h to  reach equilibrium.  Conse- 
quently, the longer incubations required for assay of sub- 
stances  present at  low concentrations  must be  used  with the 
immunoglobulin-loaded  staphylococcal adsorbent. While a 24- 
h incubation increases the sensitivity of the  assay approxi- 
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mately 2-fold over  a  2-h incubation (Fig. 8), brief incubation 
is possible for measurement of ligands at concentrations above 
the dissociation constant of the  antibody,  as  for example  with 
digoxin (Fig. 9). 
The staphylococcal adsorbent  with bound antibody is stable 
and loses only about 10% of ligand-binding capacity  monthly 
when  stored  at 4°C in 10% suspension. The  reagent can be 
lyophilized without loss of binding capacity. Immunoglobulin 
adsorbed to staphylococci is purified free of protease  activity; 
direct  measurement of radioactivity precipitable  by  trichlo- 
roacetic  acid  from '251-immunoglobulin-loaded staphylococci 
in 10% suspension  shows no  measurable  proteolytic  activity 
after 96 h a t  4°C. This  feature  may  be of use  in prolonged 
incubations in which damage by proteases in antiserum is 
seen. 
Staphylococci have been  used to purify cell surface  immu- 
noglobulin in detergent-solubilized membranes (2). Staphy- 
lococci with adsorbed immunoglobulin may be useful  in pu- 
rification of antigens in crude  preparations, especially if the 
antigen is sensitive to proteases in antiserum. Finally, IgG 
from microliter quantities of serum  can be  purified by protein 
A-bearing  staphylococci and used directly in  radioimmunoas- 
say  or can  be used to  titer  antisera  without  additional proc- 
essing. Cross-linking of antibody  to  protein A on agarose  by 
dimethylsuberimidate (13) or  to  protein A-bearing staphylo- 
cocci by paraformaldehyde (14) has been  proposed to  prevent 
loss of bound  immunogiobulin  accompanying attempted elu- 
tion of antigens.  Although  covalent  linkage is  not  required for 
use in radioimmunoassay, the studies described here may 
apply  to cross-linked immunoglobulin if suitably mild condi- 
tions  are used and affinity and  capacity of immunoglobulin 
are  not affected. 
Note Added in Proof-The use of staphylococci as a primary 
immunoadsorbent has also been described by Natali et al. (15). 
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